In 1912, Franz Boas published a study demonstrating the plastic nature of the human body in response to changes in the environment. The results of this study have been cited for the past 90 years as evidence of cranial plasticity. These findings, however, have never been critiqued thoroughly for their statistical and biological validity. This study presents a reassessment of Boas' data within a modern statistical and quantitative genetic framework. The data used here consist of head and face measurements on over 8,000 individuals of various European ethnic groups. By using pedigree information contained in Boas' data, narrow sense heritabilities are estimated by the method of maximum likelihood. In addition, a series of t tests and regression analyses are performed to determine the statistical validity of Boas' original findings on differentiation between American and European-born children and the prolonged effect of the environment on cranial form. Results indicate the relatively high genetic component of the head and face diameters despite the environmental differences during development. Results point to very small and insignificant differences between European-and American-born offspring, and no effect of exposure to the American environment on the cranial index in children. These results contradict Boas' original findings and demonstrate that they may no longer be used to support arguments of plasticity in cranial morphology.
T
he appearance in the early 20th century of Franz Boas' studies on descendents of immigrants (1) (2) (3) (4) (5) introduced the idea that environment could modify cranial morphology extensively. Boas' findings were based on the analysis of anthropometric data collected between 1909 and 1910 on European-born immigrants and their American-born children in New York. Although the results of Boas' study were critiqued initially by some (6, 7) , they are now widely accepted and cited frequently in papers dealing with race (8) (9) (10) , human evolution (11) , and social anthropology. Unfortunately, Boas' research design was deficient, and his findings were never critiqued in a systematic way until recently (12) .
Cranial plasticity refers to the idea that the cranium responds to environmental forces during growth and development, and thus the cranium can be shaped primarily by environmental forces. This is the key argument for many that critically view the use of cranial measurements in population studies (9) and forensic settings (10) . Despite many studies that have demonstrated a substantial genetic component to cranial dimensions (13) (14) (15) (16) (17) (18) , the notion that cranial plasticity is the dominant force in determining cranial form persists, mainly because of the ideas presented in the work of Boas and his students (19) .
Here, we describe our work on Boas' published data (20) , which addresses the issues with modern statistical and quantitative genetic methods. We show that divergence between parents and offspring and between European-and Americanborn children is negligible in comparison to the differentiation between ethnic groups. In addition, the prolonged effect of the environment on cranial form proposed by Boas is shown to be insignificant.
Materials and Methods
The data analyzed here are from Boas (20) and consist of anthropometric measurements taken from 1909 to 1910 on Ϸ13,000 European-born immigrants and their American-born children in the New York area. Several European ethnic͞ geographic groups are present in the data including Bohemians, Central Italians, Hebrews, § Poles, Hungarians, Scots, and Sicilians. The anthropometrics collected include head length, head breadth, facial breadth, stature, eye color, and hair color. Because this paper deals with the notion of cranial plasticity, we used only measurements on the head and face.
In an attempt to replicate Boas' original findings, univariate t tests and least-squares regression are used. The t tests represent tests that Boas could have used if the formulations had been available for comparison of same-age American and European children in the final Immigration Commission report (1) . These tests are performed to assess differentiation in the three raw cranial variables and the cranial index between same-age European-and American-born children. Children from age 4 to 19 are compared, producing 896 possible tests in the seven ethnic groups. To bypass the complication of small sample sizes in many situations, age-specific sexes are pooled by z scoring the variables by sex, leading to 448 tests. To account for the large number of tests, an ␣ significance level of 0.001 is used to reduce the type I error rate. Least-squares regression is used to test the effect of duration of environmental exposure on the cranial index. Boas (2) claimed that there were dramatic effects on cranial form depending on the time of exposure to the American environment. We calculate environmental exposure as the difference between immigration year and 1910 for the European-born children and as age for the American-born children. For the European-born children, age and environmental exposure are both entered into a multiple-regression model, and type II sums of squares are used to test for the partial regression effects. A two-factor ANOVA model with interaction is used to test for ethnic group (genetic effect) and birthplace (environmental effect) on all cranial variables and the cranial index. The benefit of the ANOVA model is that it allows testing of individual model effects by using a standard F ratio. In this case, the proportion of variance in each variable attributable to birthplace and ethnic group are tested for equality. If Boas' conclusions are correct, then birthplace should account for most of the variance, whereas the contrary should be true if the effect of the American environment is small. Narrow sense heritabilities for the cranial traits are estimated by the method of maximum likelihood following Konigsberg and Ousley (21) and Blangero and Konigsberg (22) . The maximumlikelihood method is suitable here, because the data consist of often multigenerational pedigrees, and also has the ability to accommodate missing data within pedigrees. This method has an advantage over methods of parent-offspring regression in that it uses all kinship information within the pedigrees simultaThis paper was submitted directly (Track II) to the PNAS office.
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neously instead of a series of pairwise regressions. The method also produces multivariate heritabilities and estimates of genetic and environmental correlations between traits. Before analysis, the data are converted into residuals around a mean of zero by age and sex for the total sample to control the effects of growth and sexual dimorphism while maintaining ethnic group-specific means and variances. Heritabilities are estimated for the total sample as well as for each of the subsamples. Pooled withingroup heritabilities are produced by extracting the diagonal of P ؊1 G, where P and G represent the pooled within-groups phenotypic and genetic covariance matrices (21) .
Results
Despite the pooling of sexes, only 156 of the 448 possible t tests can be performed because of small sample sizes. At the ␣ level of 0.001, 11 of the 156 tests show significant differences between European-and American-born children. All the significant differences are in the Hebrew sample, and 73% of the tests relate to the cranial index. They indicate a general reduction in cranial index in American-born children between 7 and 14 years of age. Often associated with this in the Hebrew sample is an increase in cranial vault length in the American-born children.
The regression of cranial index on age and environmental exposure (Table 1) shows a trivial effect of environmental exposure on the cranial index. In Scottish males, there is a slight increase in cranial index in response to duration of American residence (␤ 1 ϭ 0.0879, model R 2 ϭ 0.119), and Polish females show a decrease in cranial index in response to duration of American residence (␤ 1 ϭ Ϫ0.1923, model R 2 ϭ 0.234). The predominant trend in the data suggests a much more significant effect of age on the cranial index rather than of duration of American residence, which suggests an overall stability of the cranial index in response to changing environment and fails to support the propositions of Boas (2) . Results of the ANOVA (Table 2 ) likewise show evidence that the propositions of Boas (2) are in error. Because significant interaction effects are present in all variables but face breadth, the individual effects of the model, by definition, are uninterruptible because of the interdependence of the main effects in the model (23) . The presence of the significant interaction in this model indicates that the differences between means and the relative magnitude of the variation between the American-and European-born samples depend on the ethnic group. We discuss this further below. For the case of face breadth, the interaction effect is removed from the model, and the model is reformulated. Both effects are found to account for significant portions of the total sum of squares. A test for equality of effects produces an F value of 1.13 (P ϭ 0.33, df ϭ 1, 6), indicating a slightly higher but insignificant variance component for birthplace. To interpret the interaction effect in the model, Mahalanobis-generalized distances are computed for each ancestral group subdivided by birthplace. The distance matrix then is subjected to an eigenvalue decomposition following Gower (24) . This method allows for the visualization of the interdependence of factors from the ANOVA model. The results are presented in Fig.  1 . The first principal coordinate separates ancestral groups on an approximate East-to-West gradient, indicating some geographic patterning to the variation, whereas the second principal coordinate suggests a slight decrease in variation in the American-born subgroups due to their lower degree of divergence from the center of the coordinate space. The reduction in variation, however, is not present in all ancestry groups.
Multivariate heritabilities were estimated by maximum likelihood (Table 3 ). Table 3 also shows the pooled within-groups phenotypic and genetic variance-covariance matrices and the sample sizes for the heritability estimates. Both head-length and -breadth measurements show heritabilities greater than 0.5, indicating that most of phenotypic variation in these traits can be attributed to genetic factors. Facial breadth shows a slightly lower heritability, indicating a slightly higher environmental variance component; this corresponds well with the results of the ANOVA, which show a slightly higher environmental component for facial breadth.
Discussion
In this study, we conducted a modern statistical evaluation of Franz Boas' data (2) and attempted to replicate his findings of cranial plasticity under changing environmental conditions. Instead of the large plasticity component claimed by Boas and countless others who have cited his work, our analysis reveals high heritability in the family data and variation among the ethnic groups, which persists, in the American environment. Research on this topic has shown major influences of changing environmental conditions on human stature and body-fat patterning (25, 26) , but the only studies capable of dealing with effects of these changing conditions on the cranium were published 50-90 years ago (1-3, 6 ). Uncritical acceptance of his findings has resulted in 90 years of misunderstanding about the magnitude of plasticity. Reanalysis of Boas' data not only fails to support his contention that cranial plasticity is a primary source of cranial variation but rather supports what morphologists and morphometricians have known for a long time: most of the variation is genetic variation.
We have shown that in this sample, the change in developmental environment produced a relatively minor effect on cranial dimen- sions relative to familial and ancestral effects. Temporal changes in human cranial morphology often occur in the absence of migration or major environmental changes (27) . Large morphological change is observed in nonhuman populations where cultural manipulation of the environment is not possible (28) . In America, both Blacks and Whites have experienced significant change in cranial morphology over the past 150 years but have not converged to a common morphology as might be expected if environmental plasticity plays a major role (29) . Secular change rather than a specific immigration effect is an equally likely explanation for the changes that Boas observed. What is lacking in Boas' immigrant study, and what has not been demonstrated yet since Boas, is that environmental plasticity plays a more important role than genetic variation. What has been demonstrated is that cranial dimensions are capable of revealing ''genetic'' patterns in human populations over time and space (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . Finally, we address the issue of why Boas published such seemingly erroneous conclusions. Although it might seem an insurmountable task to dissect Boas' motives or convictions for pursuing such a study, we can examine Boas' mindset as revealed in his publications from the time period. Some 10 years before the immigrant study, Boas was one of the most (if not the most) statistical and quantitatively oriented anthropologists, as seen in publications from the period predating the immigrant study (41) (42) (43) (44) . In the final report presented to congress, Boas' statistical fluency tends to disappear, perhaps in the face of such a large data set and the lack of proper statistical tests. For the period in which this study was published, the results were presented in a manner making the data look as convincing as possible. We also must consider the attitude of Boas toward the scientific racism of the day. Evidence of Boas' disdain for the often typological and racist ideas in anthropology have been reviewed previously (45) and are evident also in his later publications (46) (47) (48) . Boas' motives for the immigrant study could have been entwined in his view that the racist and typological nature of early anthropology should end, and his argument for dramatic changes in head form would provide evidence sufficient to cull the typological thinking. We make no claim that Boas made deceptive or ill-contrived conclusions. In Fig. 1 it is evident that there are differences between Americanand European-born samples. What we do claim is that when his data are subjected to a modern analysis, they do not support his statements about environmental influence on cranial form.
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